The metabolism of arachidonic acid and other polyunsaturated fatty acids produces eicosanoids, a family of biologically active lipids that are implicated in homeostasis and in several pathologies that involve inflammation. Inflammatory processes mediated by eicosanoids promote carcinogenesis by exerting direct effects on cancer cells and by affecting the tumor microenvironment. Therefore, understanding how eicosanoids mediate cancer progression may lead to better approaches and chemopreventive strategies for the treatment of cancer. The matricellular protein thrombospondin-1 is involved in processes that profoundly regulate inflammatory pathways that contribute to carcinogenesis and metastatic spread. This review focuses on interactions of thrombospondin-1 and eicosanoids in the microenvironment that promote carcinogenesis and how the microenvironment can be targeted for cancer prevention to increase curative responses of cancer patients.
Introduction
Eicosanoids are a family of bioactive lipid molecules that include prostaglandins, thromboxanes, and lipoxins. Eicosanoids are produced from the enzymatic action of cyclooxygenase, lipoxygenase, and p450 pathways. Eicosanoids are not normally stored in cells but rather are synthetized in response to injury and, as they are short-lived, serve as localized signaling molecules. However, dysregulated lipid and arachidonic acid metabolism associated with diseases like cancer can cause chronic inflammation that potentiates tumor growth and metastasis. The mechanisms of eicosanoid regulation are very complex and include interactions with matrix proteins that are released during inflammation and could be effectors of eicosanoid activation and regulators of their signaling. The matricellular protein thrombospondin-1 (TSP1) is found in the circulation at low levels and stored in platelet α-granules. Injury and inflammatory molecules can trigger TSP1 release from platelets and de novo synthesis by a variety of cell types. TSP1 regulates cellular physiology through ligation with its cellular receptors and association with other extracellular matrix proteins. The thrombospondin family consists of five genes that are highly conserved among all vertebrates [1] . TSP-1 and -2 are matricellular proteins, playing an important regulatory role in the extracellular matrix [2] . Each member of the thrombospondin family has distinct roles and effects, and there appears to be little redundancy in function despite structural similarity [3] .
Through binding to several signaling receptors, TSP1 regulates angiogenesis, platelet activation, immune responses, synaptogenesis, and plays roles in maintaining mitochondrial homeostasis, cell proliferation, and survival [4] . TSP1 associates with membrane proteins including the high affinity receptor CD47, the fatty acid translocase CD36, proteoglycans, and several integrins. Through these receptor interactions, TSP1 can play both pro-and anti-inflammatory effects. This duality is mediated in part by peroxisome proliferator-activated receptor (PPAR) and TSP1-mediated activation of latent transforming growth factor beta-1 (TGFβ). These in turn can be regulated by eicosanoid synthesis; PPARɣ can be activated by members of the prostanoid family PGJ2 that in turn can regulate TSP1 downstream actions [5] . Moreover, lipoxins and prostaglandin synthase metabolites can regulate expression of TGFβ and TSP1 in the resolution of proinflammatory processes [6] . Therefore, the bioactive role of these lipid molecules is closely associated to regulation of TSP1 and downstream effects. These complex interactions enable TSP1 to regulate the function of monocytes, macrophages, dendritic cells, T cells, and natural killer cells and profoundly regulate angiogenesis [7] [8] [9] [10] , all of which play roles in carcinogenesis and metastatic spread.
Expression of TSP1 is known to delay carcinogenesis in several animal models. TSP1 has been identified as an inhibitor of progression, and loss of THBS1 gene expression by hypermethylation serves as a poor prognostic factor in some cancers [11] . On the other hand, increased TSP1 expression has also been implicated in supporting carcinogenesis under specific conditions. The anti-tumor effects of TSP1 are historically attributed to its role as endogenous angiogenesis inhibitor but also includes modulation of tumor-associated macrophages [12] . The pro-tumor effects are more complex and include indirect and direct actions on inflammation that can be linked to regulation of eicosanoid signaling. We recently reported that the absence of TSP1 negatively regulates eicosanoid metabolism in a model of colorectal cancer in which we observed that absence of TSP1 reduced tumor multiplicity [13] . Therefore, the actions of TSP1 in carcinogenesis are intimately related to eicosanoid metabolism. Here, we discuss the current understanding of these spatiotemporal interactions and potential applications to develop effective strategies that impact the signaling that promotes cancer growth.
2 Prostanoids, thrombospondin-1, and cancer Prostaglandin G/H synthases, more commonly known as cyclooxygenase enzymes (COX), exist as two isoforms, COX1 (encoded by PTGS1) and COX2 (encoded by PTGS2), that catalyze the conversion of arachidonic acid to prostanoids, which by further metabolism produces both prostaglandins and thromboxanes. Alterations in arachidonic acid metabolism are a hallmark of many cancers, with increased levels of COX2 associated with decreased survival in cancer patients [14] . Therefore, it is not surprising that high levels of prostaglandin E2 (PGE2) are found in many cancers and that its presence is associated with poor prognosis in many cancers [15] . TSP1 receptor-mediated eicosanoid synthesis is regulated via direct TSP1 binding to CD36 [16] . TSP1 induces platelet activation via CD36, causing cAMP/ protein kinase A signaling cascade [17] . Activation of CD36 also stimulates release of arachidonic acid and PGE2, leading to eicosanoid biosynthesis [18] . This may lead to a run-away cycle of i n f l a m m a t i o n . T h e e i c o s a n o i d p r o d u c t 1 5 ( S ) -hydroxyeicosatetraenoic acid in turn induces CD36 expression, resulting in foam cell formation, activation of Syk2, Pyk2, STAT-1, and ROS generation [19] . These effects can exacerbate inflammatory effects. However, TSP1 binding to and activation of latent TGF-β may also lead to inflammation resolution (reviewed in [14] ). As previously noted, eicosanoids can function as inflammatory promoters and suppressors. CD36 activity is associated with eicosanoid 15-Deoxy-Δ12,14-Prostaglandin J2, which is pro-resolving of inflammation. These effects have been shown to be downstream of Nrf2-dependent expression of CD36 and subsequent macrophage phagocytosis [16] . The specific roles of eicosanoid production and effects, downstream of CD36, CD47, and TSP1-binding integrins, must be further studied to understand inflammatory regulation.
Our lab recently published evidence that TSP1 regulates, among other lipids, eicosanoid metabolism [13] . This study utilized the Apc Min/+ murine colorectal cancer model. Apc
Min/+ mice are known to express increased PGE2 levels, due to over-expression of COX2 (Fig. 1 ). Thbs1 −/− Apc Min/+ mice exhibited a further increase in eicosanoid production compared to Apc Min/+ Thbs1 +/+ and Thbs1 +/+ Apc +/+ mice.
Thbs1
−/− mouse liver tissue contained increased prostaglandin and hydroxyeicosatetranoic acid family eicosanoids [13] . Extracellular matrix expression of TSP1 is induced by inflammation [20] . Eicosanoids are known regulators of inflammation, notably through their binding and activation of PPARs [5] , reviewed in [21] . Eicosanoids are known to play pro-and anti-inflammatory effects, depending on the cellular and microenvironment context [22] [23] [24] . The regulation of eicosanoid synthesis by TSP1 adds another mechanism through which TSP1 regulates inflammation. How TSP1 regulates eicosanoid synthesis remains unknown; however, TSP1 is known to bind and regulate signaling mediated by CD36, CD47, and integrins, which have been implicated Fig. 1 Proposed mechanism for the convergent regulation of PGE2 and eicosanoid biosynthesis by APC, TSP1, and dietary fat independently in regulating eicosanoid synthesis [25, 26] . Through binding these receptors, TSP1 induces expression and activation of anti-inflammatory TGFβ1, which regulates eicosanoid inflammatory responses (reviewed in []).
A synthetic peptide 4N1K derived from the COOH-terminal domain of TSP1, which acts as an agonist by binding to CD47, stimulates αvβ3 integrin-mediated spreading of C32 melanoma cells [27] . 4N1K also stimulated platelet spreading on immobilized fibrinogen. The stimulatory effects of 4N1K were inhibited by pertussis toxin administration, indicating the participation of a G protein-coupled receptor in CD47 signaling. Through this pathway, TSP1 modulates cAMP levels in several cell types including melanoma cells [17, 28, 29] . Hence, it could be predicted that prostaglandins would play a role in regulating this signaling mechanism. PGE1 inhibits platelet aggregation by activation of cAMP. Stimulation with PGE1 inhibited platelet spreading induced by 4N1K, thus suggesting that PGE1 suppresses signaling between CD47 and integrins and thus regulating cell spreading.
3 Leukotrienes, thrombospondin-1, and cancer
The interaction of the 5-LOX enzyme with a 5-LOX activating protein known as FLAP results in the oxidation of arachidonic a c i d a n d t h e f o r m a t i o n o f l e u k o t r i e n e s a n d hydroxyeicosatetraenoic acids (HETEs). The 5-LOX catabolism of arachidonic acid produces an intermediate molecule known as 5-HPETE, which is converted to the unstable leukotriene LTA4. LTA4 is subsequently converted to biologically active leukotrienes (LTB4, LTC4, LTD4, and LTE4), which act upon G protein-coupled receptors. Expression of these leukotrienes and their receptors is associated with induction of proliferation and inhibition of apoptosis. LTB4, and its receptors are increased in pancreatic cancer [30] . Inhibition of this metabolite results in reduction of tumor growth in preclinical models of cancer. Gene expression microarray analysis of primary effusion lymphoma cells found that the leukotriene A4 and TSP1 are strongly upregulated in these cells, impacting cell migration and chemotaxis [31] . Primary effusion lymphoma is characterized and distinguished from classical Hodgkin's disease by the migration of cancer cells from lymph nodes to the peritoneal, pleural, or pericardial cavities. Protein and mRNA expression and release of TSP1 in primary effusion lymphoma cells were highly upregulated when compared to classical Hodgkin disease cells [31] . Thus, TSP1 overexpression may be a chemoattractant for lymphoma cells or contribute to the invasive characteristics of this disease. The exact mechanisms of hydrolase LTA 4 H regulation of TSP1 are not known. However, studies in Kaposi's sarcoma suggest that LTA 4 H regulates PPAR, and thus, up-regulation of CD36 could amplify the chemotactic response by ligation of TSP1 [16] .
Eicosanoids, thrombospondin-1, and immunosuppression
Exposure to TSP1 in PPAR-expressing cells positively regulates CD36, resulting in macrophage recruitment and proinflammatory response [32, 33] . TSP1 also induces superoxide production in recruited macrophages [12, 34] , propagating the inflammatory response. Conversely, latent TGFβ activation by TSP1 negatively regulates CD36, limiting macrophage recruitment and inflammatory response [8] . In some contexts, TSP1 inhibits eicosanoid biosynthesis. This was demonstrated using Apc Min/+ mice, which are known to have altered expression of COX2, a regulator of TSP1 expression [35, 36] . Apc Min/+ mice also exhibit decreased expression of PGE2, a key enzyme in eicosanoid biosynthesis [37] [38] [39] . PGE2 expression was not altered in Thbs1 −/− macrophages but elevated in Thbs1 −/− liver, where increased eicosanoid levels were found [13, 40] . These data suggest that TSP1 negatively regulates eicosanoid biosynthesis by inhibiting upstream enzymes. Eicosanoids also exhibit anti-inflammatory effects, increasing the scope of TSP1 in regulating inflammatory response [41] [42] [43] [44] . Our group recently demonstrated that TSP1 induces pro-IL1β activation by inducing NLRP3 inflammasome formation [32] . Conversely, TSP1 inhibits expression of IL-1β mRNA in human macrophages by disrupting the interaction of CD47 and CD14, which limits activation of NFκB/AP-1 [32] . The activation of inflammasomes is associated with many chronic diseases including the progression of colorectal cancer. This adds another layer to the complexity of TSP1-induced inflammation in cancer.
A direct link between eicosanoids and TSP1 has not been established. However, eicosanoids such as PGE2 are known to induce the inflammasome NLRC4, impacting pathogen susceptibility [45, 46] . On the other hand, PGE2 was shown to inhibit NLRP3 activation in human macrophages through the EP4 receptor [47] . Therefore, further consideration of this pathway is needed to determine the links between TSP1, prostaglandins, and formation of active inflammasomes to devise strategies to target chronic inflammation in cancer. TSP1 stimulation of collagen binding to α2β1 integrin increases platelet accumulation at a site of injury [27] . Binding of TSP1 to CD36/αvβ3 integrin mediates macrophage phagocytosis of apoptotic neutrophils, which mediates clearing of exhausted neutrophils [40, 48, 49] . Delayed phagocytosis of apoptotic neutrophils, resulting in phagocytosis of post-apoptotic bodies, leads to an exacerbated inflammatory response. Therefore, TSP1-mediated neutrophil clearance may have antiinflammatory function [50] .
Prostaglandins and TSP1 interplay also regulates immunosuppressive activities involving adaptive immunity that can impact cancer progression. Murine retinal pigment epithelial cells inhibit T cell activation by the release of immunoregulatory factors such as TGFβ [51] . Supernatants from these cells caused the differentiation to CD4 + CD25 + T regs that were also positive for CTLA-4 and Foxp3 molecules [51] . Treatment with human recombinant TGFβ2 (the most abundant isoform in the eye) results in increased TSP1 and PGE2, thus implicating prostaglandins and TSP1 in mechanisms of immunosuppression that could lead to resistance to cancer immunotherapy.
5 Eicosanoids, thrombospondin-1, and tumor angiogenesis Angiogenesis, the formation of new blood vessels from preexisting vessels, is imperative for primary tumor growth and metastasis in cancer. Increased tumor vascularization allows an abundance of nutrients and oxygen to supply and promote tumor growth while removing waste products [52] . The hypoxic properties of the tumor promote the angiogenic switch that initiates angiogenesis [53] . The tumor secretes growth factors including vascular endothelial growth factors (VEGF) and fibroblast growth factors (FGF) to activate endothelial cells through their corresponding receptors [52] . Other pro-angiogenic factors are secreted from cells within the tumor microenvironment including tumor-associated fibroblasts and cancer-associated macrophages, which further enhance blood vessel growth [53] . Endothelial cells will begin proliferating and migrate to form blood vessels for the tumor [52] . Once the primary tumor is vascularized, metastasis can initiate via intravasation of tumor cells. Tumor cells then can escape and travel to distant parts of the body through these newly formed blood vessels [53] . Metastatic cancer cells can proliferate and form new tumors throughout the body.
Tumor angiogenesis can be inhibited by anti-angiogenic factors including TSP1 [54] . During early stages of carcinogenesis, TSP1 expression is elevated [17] . TSP1 inhibits VEGF-A, FGF2, and nitric oxide signaling in endothelial cells that promote vascularization [54] . TSP1 also inhibits the tumor from releasing VEGF and FGF2 to stimulate angiogenesis [54] . Endothelial cell migration and proliferation initiated by the tumor for blood vessel formation are also inhibited by TSP1 [55] . Apoptosis of endothelial cells associated with tumor vascularization is activated by TSP1 [54] . This occurs in part through the endothelial cell receptor CD36 binding with TSP1 [56] . An alteration in the function of Src and Fyn kinase induces apoptosis [54, 57] . Nitric oxide signaling also enhances the growth of pro-angiogenic endothelial cells [11] . The binding of TSP1 to CD47 and CD36 inhibits nitric oxide signaling, decreasing the proliferation of endothelial cells [57, 58] and limiting tumor angiogenesis. The physiological anti-angiogenic function of TSP1 is lost when cancers undergo the angiogenic switch, which causes a decrease in TSP1 abundance and function [11] . Thus, loss of the anti-angiogenic function of TSP1 is associated with progression in several cancers.
Vascularization of tumors through angiogenesis can be enhanced by eicosanoids including prostaglandins, leukotrienes, and hydroxyeicosatetranoates (HETE) [59] . Eicosanoids are often present in cancerous environments to enhance angiogenesis within the tumor microenvironment. Prostaglandins cause expression and secretion of factors like VEGF to initiate angiogenesis. PGE2 has been shown to induce VEGF secretion for the formation of blood vessels in human lung fibroblasts [60] . Prostaglandins cause an infiltration of cells, including neutrophils, into the tumor microenvironment that enhance angiogenesis [59] . Leukotrienes have also been shown to enhance proliferation and migration of endothelial cells to promote angiogenesis through VEGF stimulation [59] . A variety of HETE are involved in angiogenesis for tumor progression. Some metastases have an association with 12-HETE. 12-HETE stimulates angiogenesis, thus providing a pathway for the proliferation, migration, and eventual metastasis of tumor cells [61] .
During the early stages of cancer progression before the angiogenic switch, the abundance of anti-angiogenic TSP1 can inhibit synthesis and function of pro-angiogenic eicosanoids. Elevated COX2 has been seen in cancers like human colorectal cancer [13] , which is a cancer where progression is associated with loss of TSP1 [56] . An increase in COX2 causes an upregulation of eicosanoids synthesis, furthering cancer progression through inflammation and angiogenesis. PGE2 can be regulated by TSP1 [13] . When TSP1 is present in mice, a decrease in PGE2 function occurred possibly providing a protective barrier and inhibiting functions of PGE2, like promoting angiogenesis, from occurring. Disruption of Thbs1 in mice was associated with an increase in the secretion and function of several eicosanoids and their metabolites, including PGE2 [13] . Based on these mouse experiments, it is evident that TSP1 is involved in the regulation of eicosanoids within the tumor microenvironment [13] . By regulating eicosanoids, angiogenesis is also regulated. Vascularization of the tumor is a necessary pathway for tumor cells to escape and cause metastasis. Therefore, the anti-angiogenic effects of TSP1 can indirectly regulate tumor metastasis by inhibiting pro-angiogenic eicosanoid synthesis and function.
Dietary effects on inflammation and cancer
The chronic inflammation caused by obesity is an underlying element in transformation and carcinogenesis. While obesityinduced inflammation shares many traits of acute and chronic inflammation, it is distinguished in part by onset of metabolic syndrome, migration of macrophages to adipose tissue, and production of TNFα that ultimately leads to insulin insensitivity [62] . All of these alterations lead to metabolic changes that result in increased production of reactive oxygen species, mitochondrial dysfunction, and endoplasmic reticulum stress [62] . To test the role of TSP1 in cancer-associated obesity, we developed a model of colorectal cancer by crossing Thbs1 −/− with Apc Min/+ mice and compared effects of feeding a high-or low-fat diet on carcinogenesis [13] . Examination of liver tissue by global metabolomics showed that all strains of mice fed the high-fat diet had accumulation of various medium-chain and long-chain saturated, monounsaturated, and polyunsaturated free fatty acids [13] . Dietary consumption of a high-fat diet was associated with liver accumulation of fatty acids, which can affect cell energy metabolism and signaling to promote carcinogenesis. Both fatty acid oxidation and the observed increases in ketogenic amino acids provide sources of acetyl-CoA. Apc Min/+ :Thbs1 −/− mice fed the low-fat diet had a 1.8-fold elevated level relative to Apc Min/+ mice of the ketone body 3-hydroxybutyrate (BHBA). This elevation was lost in Apc Min/+ :Thbs1 −/− mice fed a high-fat diet, representing a significant reduction. BHBA is synthesized in the liver from excess acetyl-CoA and utilized by extra-hepatic tissues to meet energy demands during periods of starvation. BHBA has been identified as a serum biomarker of colorectal carcinoma and esophageal carcinoma. Lipid metabolites involved in eicosanoid biosynthesis showed strong dependences on dietary fat as well as TSP1 expression. The Apc Min mutation is known to increase COX2 expression and consequently prostaglandin PGE2 levels via a CtBP1-dependent mechanism [38] , and COX2 is known to regulate TSP1 expression (Fig. 1) , but no change in PGE2 expression was reported in Thbs1 −/− macrophages. However, Another aspect observed in this study was that dietary supplementation affected xenobiotic metabolite levels in the liver [13] . It is evident that dietary intake can impact microbiota which in turn can influence cancer susceptibility and even response to therapeutics. Apc
Min/+ and Apc Min/+ :Thbs1 −/− had differences in benzoate metabolism regardless of diet. In particular, lower levels of hippurate were observed in Apc
Min/+ when compared to WT [13] . Hippurate is glycine conjugate of benzoic acid, normally excreted in the urine, and is associated with the microbial degradation of specific dietary components [63] . The excretion of hippurate was found to be lower in patients with ulcerative colitis, which suggest it's regulation d u r i n g i n f l a m m a t i o n [ 6 4 ] . O n t h e o t h e r h a n d , Apc
Min/+ :Thbs1 −/− levels of hippurate were not significantly regulated when compared to WT but were higher when compared to Apc Min/+ when fed a low-fat diet [13] . Interestingly, the levels of hippurate were reduced when Apc −/− fed the high-fat diet had increased levels of prostaglandins and thus suggest that increase in these metabolites may regulate microbiome and may be accountable for the loss of the protective effect of TSP1 during high-fat diet supplementation. The peroxidase activity of COX-2 is known to metabolize xenobiotics which in turn can impact microbiota [65] . Therefore, further studies are warranted to understand the interplay of TSP1 expression and inflammation regulated by eicosanoids and microbiota.
Remaining questions and therapeutic applications
TSP1 is a multifaceted protein that regulates cell survival, migration, invasion, angiogenesis, and inflammation. The effects of TSP1 expression in cancer may be a double-edged sword, and pathological studies suggest that TSP1 expression has different repercussions depending on the cancer type. TSP1 is the first endogenous anti-angiogenic factor discovered, and mimetic drugs were synthetized focusing on this role [66] . A preclinical study demonstrated that ABT-510 could mimic the antiangiogenic and anti-inflammatory activities of TSP1 in a mouse model inflammatory bowel disease, which suggest a potential cancer preventive activity [67] . In clinical trials, the TSP1 mimetic peptide ABT-510 consistently reduced circulating levels of VEGF-A and VEGF-C. While ABT-510 was deemed safe, the dismal overall responses rate led to the discontinued investigation of this agent [68] . A second-generation TSP1 mimetic ABT-898 was shown to also h a v e a n t i -a n g i o g e n i c a c t i v i t y a n d s t r o n g a n t iimmunoinflammatory activity [69] . Even though many studies link eicosanoids and TSP1, further studies are needed to determine whether these TSP1 mimics modulate eicosanoid responses. Therefore, strategies are needed combining these TSP1 mimetics and eicosanoid targeting compounds to reduce inflammatory signaling that fuels carcinogenesis and metastasis. In other instances, it has been shown that microRNA regulation can elevate inflammation thorough COX2 increasing levels of VEGFA, COX2, PGE2, and TSP1 [70] . Using an inhibitor of microRNA-101 reduced endometrial carcinogenesis and was associated with a reduction of TSP1. Therefore, the types of cancer or instances where TSP1 can be proinflammatory need to be understood in particular the regulation of biosynthesis of pro-inflammatory eicosanoids. The patient's co-morbidities may also need to be considered. Accumulation of TSP1 is considered inflammatory during aging and is associated with increase tissue injury in models of cardiovascular disease [10] . Moreover, in our studies, lack of TSP1 was associated with reduced colon tumor multiplicity in the Apc Min/+ mice; however, high-fat diet overcame the protective activity of TSP1 which was associated with an increase in arachidonic acid metabolites [13] . Moreover, levels of xenobiotics were affected by dietary fat and presences or absence of TSP1 [13] . Therefore, aspects such as microbiome impact and comorbidities should be considered for the design of effective strategies to target inflammation through modulation of TSP1 and pro-inflammatory eicosanoid production. 
